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The number of patients with diabetes mellitus (DM) is increasing exponentially [1] . Diabetes is estimated to be the most common cause of liver diseases [2, 3] , which has, in turn, become a major cause of death [4] . Of the diabetic population, Type 2 diabetes accounts for more than 90% of the cases. Non-alcoholic fatty liver disease (NAFLD; including fatty liver, steatohepatitis, liver fibrosis and cirrhosis) [5] is the most common liver disease associated with Type 2 diabetes. In addition, Type 1 diabetes is also linked to increased risk of chronic liver injury [6, 7] . Epidemiological studies demonstrate that diabetic patients are at higher risk of developing chronic liver disease and hepatocellular carcinoma (HCC) [8] [9] [10] [11] , which has major implications on long-term health. With these statistics in mind, research aimed at developing therapeutic interventions is of great interest.
There is rising evidence that stem cells (SCs), such as mesenchymal stem cells (MSCs) derived from bone marrow, could serve as alternative therapies for diabetic liver damage. In fact, studies suggest that SCs may be a novel and promising therapeutic approach of cellbased therapy for diabetic liver injury. To understand the potential curative role of SCs in diabetic liver injury, we highlighted the latest development in the mechanisms of hepatocyte damage during diabetes and the application of SCs in diabetic liver diseases.
Pathological features of diabetic liver injury
When diabetic liver injury is present, several pathological changes are observed in the liver: (i) Excessive glycogen deposits in hepatocytes, including the cytoplasm and nucleus, and results in a visible nuclear glycogen cavity. Hepatic glycogenosis is a hepatic complication of diabetes that primarily occurs in patients with Type 1 diabetes [12] .
(ii) Steatosis is present. Hepatocytes ballooning is observed and Kupffer cells are filled with lipid droplets [13] . Steatosis or abnormal retention of lipids in the liver may be focal or diffuse. Hepatocyte steatosis is an important feature of diabetic liver diseases, which sometimes leads to formation of a fatty granuloma. (iii) The formation of Mallory-Denk bodies is observed. Mallory-Denk bodies are round or irregular hyaline material in hepatocytes plasma. These are typical characteristic changes observed in diabetic liver diseases. (iv) Inflammatory cells infiltration is evident. Mixed inflammatory cells infiltrate the lobule and portal area, including mononuclear cells and a few neutrophils. (v) Interstitial fibrotic proliferation, mainly around the central vein, is obvious which is considered as another important characteristic change in diabetic liver injury [14] . Liver fibrosis in NAFLD secondary to Type 2 diabetes features the deposition of collagen fibres, initially occurring in the central vein and around sinus gap. With disease progression, portal fibrosis develops and eventually leads to cirrhosis. (vi) Microangiopathy may occur. For example, abnormal capillary thickness occurs from deposition of periodic acid-Schiff stain positive materials in endothelial cells [15] , resulting in endothelial cell proliferation, swelling, damage and vascular leakage. Other pathologic features such as intrahepatic cholestasis and fat necrosis may be present in the liver of the patients with diabetes. Fat necrosis can lead to cirrhosis due to severe diabetic liver injury [16] and is associated with a poor prognosis.
Mechanisms involved in the development of diabetic liver injury
Insulin resistance with diabetic liver injury Insulin resistance (IR) could have a major role in underlying liver diseases secondary to Type 2 diabetes. The relationship between IR and fatty liver disease has been recognized in patients with Type 2 diabetes. The liver is a target organ for insulin and has a vital role in regulating lipid metabolism by keeping the balance between circulating and stored lipids. Insulin is well known to promote the production of fatty acids in the liver. This is crucial since fatty acids are an important source of fuel for metabolism and fatty acids are released from the liver as lipoproteins (in varying densities), which provide free fatty acids (FFA) for other tissues. Hormone-sensitive triglyceride lipase (HSL) is an important enzyme in mobilizing stored fat. Hormone-sensitive triglyceride lipase is up-regulated by catecholamines or adrenocorticotropic hormone and is down-regulated by insulin. Hence, during periods of stress when fatty acids for fuel are needed, insulin is suppressed and HSL activity is high. This leads to the release of FFA, which can be utilized for cellular energy through Adenosine Triphosphate (ATP) production. In IR, HSL activity is uninhibited resulting in increased fat mobilization. This leads to increased levels of FFA circulating in the serum and FFA entering the liver. Upon entering the liver, these FFAs lead to the formation of a large amount triglyceride deposition in the liver. This triglyceride deposition contributes to hepatocyte degeneration and fatty liver disease.
In liver diseases, IR has been recognized as an independent predictor and risk factor for the development of alcoholic and non-alcoholic steatohepatitis, chronic viral hepatitis and HCC [17] [18] [19] .
Oxidative stress with diabetic liver injury
During the early onset of diabetes, oxidative stress occurs and progressively increases. Increased oxidative stress is believed to play a crucial role in the aetiology and pathogenesis of chronic complications of diabetes in diverse tissues [20] [21] [22] . The link has been described between oxidative stress and the pathological alterations in liver morphology and function that are observed in diabetes [23] . Streptozotocin (STZ), a glucosamine-nitrosourea compound, is a naturally occurring compound that increases lipid peroxidation resulting in peroxide-mediated damage of beta cells in the pancreas of mammals. Streptozotocin is used for the induction of diabetes in rats by lipid peroxide-mediated damage.
The liver is the main organ for detoxifying and oxidative processes, and at the early stage of experimental STZ-induced diabetes, biomarkers of oxidative stress are increased in the liver [24] . Oxidative stress-mediated damage to liver tissue has been identified leading to non-alcoholic steatohepatitis in diabetes and HCC [4] . The importance of liver oxidative stress in diabetic liver injury is further confirmed by experimental and clinical data [25] [26] [27] [28] . Oxidative stress is an imbalance between the generation of reactive oxygen species (ROS) and the cell's ability to detoxify these reactive intermediates resulting in cellular damage. Generated oxidative stress via different mechanisms in the liver leads to negative effects [29] . In diabetes, increased ROS come from multiple sources including enzymatic, nonenzymatic and mitochondrial respiratory chain reactions [30] . On the other hand, there are suppressed activities of the antioxidants in diabetes. The principal antioxidant enzymes and non-enzymatic antioxidants that play an important role in scavenging ROS and preventing oxidative stress include: superoxide dismutases (SOD), catalases (CAT), small molecules such as reduced glutathione, vitamins C and E and other compounds. Unfortunately, diabetic patients with IR are susceptible to hyperglycaemia and hyperlipidemia. This causes decreased activity of antioxidant enzymes SOD, CAT, glutathione peroxidase in vivo and decreased radical scavenging ability, resulting in oxidative stress. Enhanced oxidative stress induces lipid peroxidation and damage of cell membrane and organelle membrane such as mitochondrial membrane. The damage of mitochondrial membrane further exacerbates respiratory chain dysfunction and decreased synthesis of H + -ATP enzyme [31] . All of this leads to hepatocytes dysfunction in the process of FFA oxidation resulting in excessive triglyceride deposition in the liver or fatty liver.
As oxidative stress has been shown to be important in the pathogenesis of diabetic liver diseases [32] , strategies to decrease oxidative stress have been considered for diabetes management [33] . And these strategies were identified to be effective in protection of liver function in diabetes [34, 35] .
Endoplasmic reticulum stress and diabetic liver injury
The endoplasmic reticulum (ER) is the main place where protein synthesis, or protein folding, takes place in cells and is extremely sensitive to many stimuli. The liver is a major target organ for glucose and lipid metabolism; thus, there is an abundant amount of ER. Several factors, including glucose and lipid disorders, can disrupt the cells ER homoeostasis by resulting in misfolded proteins. When cells are exposed to glucose or lipid metabolism disorders, free radicals, oxidative stress and other factors ER stress (ERS) or unfolded protein response is induced [36] . This response is an adaptive mechanism that is meant to maintain the homoeostasis within the cells ER via several mechanisms, including degradation of misfolded proteins. When this mechanism fails to restore homoeostasis within the cell, it induces apoptosis. In fact, chronic activation of the ERS has been liked to inflammation, steatosis and cell injury. Studies demonstrated that ERS is involved in the pathogenesis of several liver diseases including NAFLD, liver cirrhosis and viral hepatitis [37, 38] . This response plays an important role to exacerbate lipid metabolic disorder and contributes to steatohepatitis in diabetes [39] .
Other mechanisms related to diabetic liver injury
Hyperlipidemia and hyperglycaemia in diabetes induces transcription of proinflammatory cytokines, tumour necrosis factor alpha (TNF-a) and monocyte chemotactic protein-1 (MCP-1). They also induce transcription of the adipokine, fatty acid-binding protein 4 (FABP4), by nuclear translocation of NF-jB (nuclear factor kappa light chain enhancer of activated B cells). Transcription of this adipokine and pro-inflammatory cytokines results in hepatic injury and IR [40, 41] . In diabetes, there is also excessive infiltration of bone marrowderived cells (BMDCs) into the liver. This infiltrative process causes parenchymal cells to produce pro-insulin and cytotoxic TNF-a, which leads to degeneration or apoptosis of hepatocytes.
In addition, microcirculation dysfunction from the thickening of the blood capillary basement membrane causes disruption of oxygen diffusion resulting in hypoxia. As a result, hypoxia leads to degeneration and necrosis of hepatocytes resulting in liver dysfunction. Other factors or mechanisms that play a role in the development of diabetic liver diseases seen in Type 2 diabetes include: leptin, adiponectin and resistin.
Categorizations of stem cells
Stem cells refer to cells that possess high potencies of self-renewal and differentiation, meaning that they can differentiate into many specific cell types [42, 43] . Meanwhile, the interplay of the ductular reaction and fibrosis in NAFLD has been investigated. A close association between the expansion of HOCs and the ductular reaction in liver biopsy specimens of NASH has been verified. The degree of ductular reactions is significantly correlated with the degree of fibrosis, which involves direct epithelial mesenchymal transition of the cholangiocytes to myofibroblasts [54] . Last, iPSCs are found to be generated from fibroblast cells by fibroblast specific transcription factor transduced into them [55] .
Stem cells and diabetes
In recent years, transplantation of SCs has been demonstrated as an effective treatment for diabetes [56] . Embryonic stem cells have the highest differentiation potential into insulin-producing cells [57] . Soria et al. published the first report in 2000 about insulin-producing cells from mouse ESCs, but these cells had a short life span [58] . Since then, more studies have been performed in this field. Many researchers found that MSCs can also differentiate into insulin-producing cells in special conditions [59, 60] . Other studies demonstrated that several cytokines with immunomodulation and nutrition ability were secreted, which can contribute to the activity and function of islet beta cells when MSCs were co-cultured with islet beta cells in vitro or co-transplantation of them in vivo [61, 62] . Several laboratory and clinical studies have shown that MSCs have immunomodulation ability by regulating the activity of B cells, T cells, Natural Killer cells and cytokines, transforming growth factor beta and interleukin (IL)-10 [63] . These cells could potentially differentiate into insulinproducing cells in special cultures. The types of MSCs that demonstrate the ability to differentiate into insulin-producing cells in vitro include: MSCs derived from bone marrow [64, 65] , adipose tissue [66] and umbilical cord cells [67] . Usage of both bone marrow MSCs and umbilical cord MSCs had positive effects in animal studies with evidence of improved blood glucose status [68] [69] [70] [71] . Human iPSCs can be differentiated into insulin-producing cells upon step-wise differentiation protocols into SOX17-positive cells, PDX1-positive cells (pancreatic progenitors) and NGN3-positive cells (endocrine progenitors) [72] [73] [74] . In addition, other different types of cells including skin fibroblast cells [75] , human neural progenitor cells [76] , HOCs [52] and placenta-derived SCs [77] have the potential to differentiate into insulin-producing cells in special conditions. Of note, several groups have made the tremendous progress in improving strategies to generate potentially functional insulin-producing cells [78] . Stem cell-based therapies have emerged as a potent strategy for treatment of diabetes and diabetic complications such as diabetic foot [79] [80] [81] [82] .
Stem cells in diabetic liver injury
Liver transplant as a single therapeutic modality for improved survival in end stage liver disease patients is becoming more problematic due to a shortage of liver donors, high cost, chronic immunosuppression and associated complications. As a result, a number of studies are being conducted using cell base therapy as an alternative. More and more studies have been published showing that cell-based therapy, especially therapy using bone marrow cells, is an alternative to improve liver function in the setting of liver injury [83] [84] [85] [86] . One study looked at several types of bone marrow cells (hematopoietic SCs, MSCs and mononuclear cells) to determine which type of cell had the biggest contribution to liver regeneration in hepatic injury based on Green Fluorescent Protein (GFP) fluorescence in injured liver tissue [81] . Their results showed the MSC transplanted group had the highest GFP fluorescence suggesting MSCs have the highest potential for regeneration of injured liver tissue [81] . Another study found that human umbilical cord matrix stem cell (hUCMSC) transplantation regulates systemic cytokine profiles and may reverse hepatic injury. In hepatocyte injury, hUCMSCs suppress the expression of proinflammatory cytokine IL-6 resulting in enhancement of recovery and proliferation of injured hepatocytes in vitro. In CCl 4 -injured mice, hUCMSCs ameloriated mouse hepatic injury in vivo by decreasing inflammation, apoptosis and denaturation, an increasing proliferation and recovery of hepatocytes [82] . An issue in using MSCs in repair of liver damage is their homing and survival in transplant recipient organs. A study demonstrated that synergistic treatment of fibrotic liver with MSCs and nitric oxide enhances homing of transplanted cells resulting in significant decreases in fibrosis [83] . The prosed mechanism of nitric oxide in this study is that nitric oxide is an apoptotic inducer of activated hepatic stellate cells, which have a well known role in inducing fibrosis in response to liver injury [83] . Stimulation of endogenous regeneration represents another potential mechanism of an MSC-based therapeutic effect, previously described in models of myocardial infarction.
To date, some studies suggest there is potential value of SCs in diabetic liver damage. Liver dysfunction is increased in the setting of hyperglycaemia. Previous studies demonstrated improvement of blood glucose levels following pancreatic b-cell regeneration [87, 88] by using MSCs suggesting that amelioration of hyperglycaemia improves liver dysfunction. Other researchers have shown that MSC therapy reversed hepatic injury in high fat diet (HFD)-induced diabetic mice by suppressing pro-inflammatory cytokine expression in the liver. However, MSC therapy failed to reverse obesity, hypercholesterolaemia and hyperglycaemia [89, 90] . Mesenchymal stem cells derived from different tissues can generate hepatocyte-like cells in vitro, but are not fully functional, mature or transplantable equivalents of hepatocytes isolated from an adult liver [91] . The mechanism underlying MSC therapy is suggested to mediate the cell complement effect by cell differentiation or various paracrine effects through humoural factors secreted by MSCs [92] .
Recently, researchers have shown that the curative effects of MSCs conditional medium (MSC-CM) and MSC therapies were similar on damaged hepatocytes in diabetic mice. In diabetes, hepatic injury is mediated by the accelerated infiltration of BMDCs into the liver producing cytotoxic chemokines leading to IR, apoptosis and fatty degeneration of hepatocytes. Mesenchymal stem cells and MSC-CM protect against hepatic injury by decreasing the abnormal infiltration of BMDCs into the liver by suppressing the release of markers that mediate this infiltration (i.e. IL-6, CD11c, Fizz1, ICAM-1) and cytotoxic chemokine expression (i.e. TNF-a, MCP-1, TLR-4) through humoural factors secreted by MSCs [91] . The study showed that although hyperglycaemia was not corrected, diabetes-induced liver dysfunction was markedly reversed by MSCs and MSC-CM therapies. Both therapies are powerful tools for repairing liver injury [53] . Hepatocyte regeneration was observed immediately following intravenous administration of MSCs or MSC-CM in STZ-diabetic mice despite hyperglycaemic conditions [53] . Hepatocyte regeneration is due to a wide variety of growth factors and cytokines synthesized by MSCs that have paracrine effects on local cellular dynamics. Mesenchymal stem cell and MSC-CM therapies ameliorated IR and the homoeostasis model assessment-estimated IR was down-regulated in HFD-diabetic mice [53] .
Another mechanism of hepatocyte repair observed in MSC and MSC-CM therapy includes reduction in lipid accumulation and inhibiting expression of pro-inflammatory cytokines in diabetic liver injury. The inhibition of pro-inflammatory cytokines leads to decreased activation of c-Jun amino-terminal kinase and p38 mitogen-activated protein kinase, which reduces hepatocyte apoptosis. Mesenchymal stem cells and MSC-CM also prevent liver fibrosis [53] . These mechanisms of repair demonstrate that MSC therapy may be a novel remedy in diabetic hepatocyte injury.
As previously mentioned, HOCs are thought to be the primary multipotent SCs population in the liver. Hepatic oval cell activation and trans-differentiation into pancreatic b-cells reversed hyperglycaemia and ameliorated the diabetic liver injury in one study [52] . In another study, HOCs differentiated into insulin-producing pancreatic islet cells following culture in high glucose media [101] . Hepatic oval cells may be promising in the therapy of diabetic liver injury. Also, a recent study verified that SC transplantation up-regulated haem oxygenase-1 (HO-1) and 5 0 -AMP activated protein kinase, and increased the expression of Sirt1, which ameliorated fatty liver in Type 2 diabetic mice [93] .
In summary, the mechanisms underlying the curative effect of SCs on diabetic liver injury may include the following: SCs reduce hyperglycaemia and alleviate liver damage; they directly differentiate into islet beta cells or hepatocytes under certain conditions; they induce endogenous SCs to regenerate, such as promoting HOCs to differentiate into fully functional mature hepatic cells; they adjust the immune response, lipogenesis and relieve IR and they may exert an anti-apoptotic effect and prevent liver fibrosis. Fig. 1 The mechanisms and pathological changes of liver injury induced by diabetes. Diabetes may result in diabetic liver injury, in which the most common is non-alcoholic fatty liver disease (NAFLD) that can develop into steatohepatitis, cirrhosis, hepatocellular carcinoma (HCC) and can even lead to death. When NAFLD is present, there are many pathological changes in the liver including glycogen deposition in hepatocytes, hepatocyte fatty degeneration, formation of Mallory-Denk bodies, interstitial fibrous hyperplasia, etc. The mechanisms involved in the development of diabetic liver injury include insulin resistance (IR), oxidative stress, endoplasmic reticulum stress (ERS), inflammatory cytokines and so on. 
Limitations and issues of stem cell treatment
Although SC therapy has many advantages, adverse reactions and risk do exist. High immune reactions and ethical concerns have limited the application of ESCs. Some studies have reported that MSCs have different effects on tumour cells in vivo and in vitro [94] [95] [96] . In vivo, MSCs contribute to tumorigenesis and tumour metastasis [94, 95] . The aetiology of this phenomenon may be related to MSCs' ability of differentiation when the host immunity is relatively low [97] and tumour angiogenesis promoted by MSCs. However, MSCs could inhibit the proliferation and invasion of tumour cells while increasing the apoptosis of tumour cells in vitro [98] . The promotion of tumorigenicity and metastasis has limited the clinical application of MSCs. The use of SCs is also limited by their potential to induce differentiation of cells into to bone, cartilage, adipose tissue, etc. [99] . They have the ability to impact organ function and other systems, including the immune system [100] . Therefore, further studies are needed to effectively demonstrate that the probability of tumorigenesis can be reduced or avoided. Prior to clinical application, MSCs will be strict screened and monitored to ensure its safety and effectiveness.
Conclusion
The prevalence of diabetes and the lack of donor livers for transplantation have prompted experimental research in the field of SC therapy for diabetes and diabetic liver injury. Diabetes, especially Type 2 DM, leads to diabetic liver diseases, mostly common for NAFLD, by the mechanisms involving IR, oxidative stress, endoplastic reticulum stress, cytokines such as TNF-a, etc. (Fig. 1) . Stem cells are cells with multi-directional differentiation potential. And the advance in the research of SCs has fueled increasing hopes of SCs as an effective therapy alteration for diabetic liver injury on the basis of reducing hyperglycemia, differentiating into b-cells and hepatocytes, relieving IR, reducing lipid accumulation, promoting endogenous liver regeneration etc. (Fig. 2) 
